Introduction
Advances in clinical and fundamental research, which have been promoted over last decades have led to a wellestablished understanding of atrial fibrillation (AF) as an epiphenomenon that despite similar manifestations may have different underlying mechanisms and thus require individualized treatments. [1] With rare exceptions of AF caused by mutations in genes coding ion channels in patients with structurally normal atria, fibrotic replacement of atrial myocardium remains the corner stone of atrial pathology in patients with AF. However, we are still struggling trying to understand the mechanisms underlying the structural abnormalities in atrial walls observed in patients with the arrhythmia and its relationship to the arrhythmia mechanisms.
The common perception of AF being a result of interplay between the structural changes in the atrial myocardium induced by the well-described cardiovascular risk factors and structural remodelling induced by the arrhythmia itself has recently been challenged by observations of progressive structural abnormalities in the atrial walls that occur independently from the cardiovascular comorbidities and persistency of AF. [2] It is also well known that lone AF is not an uncommon clinical entity that may manifest early in life without any apparent risk factors, which would explain development of atrial fibrosis in patients with structurally normal hearts. [3] To what extent this fibrotic atrial cardiomyopathy represents a "common cause" of AF or a mechanism responsible for arrhythmia development in a subgroup of patients with AF phenotype remains however uncertain.
Atrial fibrosis and arrhythmogenesis
Fibroblasts represent an integral part of functioning myocardium by providing a cellular scaffold, maintaining a proper three-dimensional network required for normal me-chanical function and contributing to the uniformity of the excitable substrate and to the uninterrupted and rapid propagation of electrical activation through myocardium. [4] In addition to that, fibroblasts play role in the regulation of cardiomyocyte function by slowing down conduction in response to mechanical stretch, [5] and in pathological conditions may proliferate, differentiate to myofibroblasts and increase production of extracellular matrix.
In the pathological conditions associated with development of fibrosis in patients with AF, fibroblasts may proliferate, increase production of extracellular matrix and differentiate to myofibroblasts that may directly slow down conduction. [6] As a result of fibrosis development, the architecture of fibrotic myocardial tissue becomes heterogeneous, thereby affecting intercellular conduction, [7, 8] increasing its anisotropy and leading to conduction slowing, development of functional and structural block, thus creating the arrhythmic substrate.
Whether or not fibrosis itself may serve as an arrhythmia-initiating mechanism in the settings of clinical AF is not clear. The impact of the structural changes in the myocardium associated with fibrosis development, however, does not seem to be limited to the arrhythmia maintenance mechanisms related exclusively to the conduction slowing and creation of boundaries needed for perpetuation of AF. Computational modelling studies suggest that fibrosisinduced disorganisation of electrotonic coupling [9] may also lead to increased automaticity and atrial ectopy, thus potentiating arrhythmia triggering mechanisms. [10] Despite the tremendous progress in the field that increased our understanding of the fine mechanisms involved in development or fibrosis in atrial walls, our knowledge of the role fibrosis plays in the development of AF remains limited. While fibrosis is beyond doubt, the most consistently reported structural abnormality of atrial walls in patients with AF, large number of patients with accumulation of fibrosis-causing clinical risk factors, such as advanced congestive heart failure, hypertension or diabetes, remain arrhythmia free as shown in the studies utilizing implantable rhythm monitoring technology. [11] 
Atrial fibrosis in experimental models of AF
A number of experimental studies addressed the issue of structural remodelling of atrial myocardium in animals with AF induced by either prolonged rapid atrial pacing without directly affecting the ventricules, [12] [13] [14] or mediated by induction of congestive heart failure (CHF) by pacing right ventricle at a high rate. [12, [15] [16] [17] The principal difference between these two experimental setups is related to their respective propensity to induce structural abnormalities of atrial myocardial and development of atrial fibrosis in particular. While CHF models consistently reported rapid development of atrial damage, [17] and irreversible atrial fibrosis associated with conduction heterogeneities and AF stability, rapid atrial pacing models demonstrated a wider spectrum of structural alterations with less pronounced fibrosis development. Some studies indicated that the likelihood of fibrosis development in the rapid atrial pacing model of AF strongly depends on the resulting ventricular rate, [18] so that animals with prolonged rapid atrial pacing and controlled ventricular rate by means of AV node ablation develop atrial fibrosis in a significantly lesser extent than those with preserved AV conduction. [19, 20] Importantly, animals with controlled ventricular rate and minimal structural alterations were also less likely to develop persistent AF, thus supporting the link between the atrial fibrosis and AF mechanisms. [19] Even though it may be problematic to prove this in clinical studies, these observations made in experimental models of AF demonstrate clinical relevance to human AF observed in patients with and without adequate rate control.
Histological evidence of atrial fibrosis in patients with AF
In humans, indirect indication of the link between cardiovascular comorbidities and AF comes from epidemiological studies, in which potentially fibrosis-causing conditions such as hypertension, ischemic heart disease and diabetes were highly predictive of incident AF. [21] Age-related increase in the prevalence of AF has also been well documented [22] and explained by growing cardiovascular disease burden in the elderly as well as age-related increase in the atrial fibrosis extent. [23] However, attempts to provide a quantitative assessment of atrial structural abnormalities associated with AF have shown a more complex picture. Even though catheter-based techniques of endocardial voltage mapping and emerging non-invasive magnetic resonance imaging (MRI) have shown their value in visualization of atrial structural abnormalities, histological evaluation of atrial tissue samples remains a golden standard of tissue characterization. This approach, however, is often limited to a small volume of tissue samples that can be collected in patients undergoing atrial biopsy or confined to right or left atrial appendages in patients undergoing open-chest heart surgery, thus imposing a significant selection bias on patient selection and leaving large portions of atrial walls, in which AF perpetuates, outside reach.
One of the first observations of the structural substrate of AF in patients without apparent structural heart disease came from the study by Frustaci, et al., [3, 24] who collected biopsies from atrial septum as well as from ventricles in patients with lone AF and reported a consistent finding of myocardial inflammation and fibrosis confined to the atrial myocardium but not present in ventricular walls. These studies were the first that suggested the presence of occult myocardial disease that might have direct causal relationship with development of AF.
Our group has further expanded this concept by studying histology specimens from multiple sampling locations in the right and left atrium collected post mortem from deceased patients with common cardiovascular comorbidities with previous paroxysmal, permanent AF and those without AF history enrolled in a 1: 1: 1 fashion according to pre-specified inclusion criteria. [25] The extent of fibrosis and fatty tissue in the atrial myocardium showed strong and significant correlation with the presence of AF at all tissue sampling locations in the left and right atria. Notably, patients with and without AF did not differ in regard to cardiovascular co-morbidities and one could not observe any agerelated increase in the extent of atrial fibrosis. Similar observations were made in patients with persistent or longstanding AF referred for surgical ablation, [26] thus suggesting that development of structural abnormalities in the atria is not a result of concomitant diseases but rather a phenomenon associated with AF. Indirect assessment of atria fibrosis using MRI-technique in a large cohort has further supported this theory by not finding any significant differences in the estimated fibrosis extent between AF patients with and without co-morbidities. [27] To the best of our knowledge, however, there is no histology data that would specifically address the question of causal relationships between the burden of concomitant cardiovascular diseases and atrial fibrosis in patients with AF.
Contrary to the findings in lone AF, [24] we did observe similar extent of fibrotic replacement and inflammatory infiltration in the free walls of the right and left ventricles in patients with common cardiovascular comorbidities. In our controlled study, ventricular fibrosis demonstrated strong correlation with AF history and with the extent of fibrosis in the major atrial conduction routes such as Bachmann's bundle and terminal crest. [28] These findings may be interpreted as indicated an underlying occult cardiomyopathy with significant inflammatory component in patients with AF, the viewpoint that which has recently received support from a study of left ventricular function and energetics in patients with lone AF. [29] As demonstrated by Wijesurendra, et al., [29] not only the patients with lone AF had reduced phosphocreatine to ATP ratio as the measure of ventricular energetics, but this function remained lower than in control subjects regardless of both recovery of sinus rhythm and freedom from recurrent AF durig long-term follow-up.
Atrial fibrosis in AF: cause or consequence?
Whether or not structural abnormalities observed in the atria are the cause or consequence of AF remains, however, an open question. The presence of relationship between the extent of fibrosis and AF burden does not give us a definitive answer and could be explained both ways: expansive fibrotic process in the atria may promote persistent AF or may be a consequence of the long-standing fibrillatory process. The lack of this relationship, however, would favour the concept of the primary occult cardiomyopathy underlying AF development.
Available data suggest that the extent of fibrosis tends to be higher in patients with permanent compared with paroxysmal AF, [25] but the relationship between the extent of structural abnormalities and duration of AF seems to disappear in patients with persistent AF. [26] In another study that quantified the expression of extracelluar matrix proteins in atrial tissue samples collected during heart surgery, no systematic difference between patients with paroxysmal and permanent AF was documented. [30] Even though this does not address the unresolved causality issue, one can speculate that fibrosis extent in the atrial walls may be linked to AF burden and clinical manifestations of the arrhythmia at the early stages of the disease but, upon reaching a certain level, would no longer affect AF phenotype in patients who develop persistent AF.
If fibrosis is directly related to the mechanisms governing development of AF substrate rather than being a consequence of the arrhythmia itself, then interventions attenuating fibrosis expansion would be expected to slow down or abolish AF progression. Indeed, there is considerable experimental evidence that a number of compounds, such as angiotensin-converting enzyme (ACE) inhibitors, Angiotensin 1 (AT 1 )-receptor blockers or statins, may delay structural remodelling process and reduce AF stability. [31] [32] [33] [34] Clinical validity of these findings is however uncertain. Experimental findings have been supported by data presented in a recent meta-analysis (at least in regard to ACE inhibitors and AT 1 receptor blockers), [35] and upstream therapy with these compounds has been advocated by ESC guidelines for primary and secondary prevention of AF. [36] However, it is important to observe that the evidence is strongest in patients with heart failure and those who otherwise have indications for the upstream therapy drugs, while studies that used AF as a pre-specified endpoint demonstrate less convincing and conflicting results. [37] [38] [39] Efficacy of pre-treatment with candesartan [40] or pravastatin [41] for reduction of AF relapse after cardioversion was not proved in two randomized placebo-controlled studies. It is likely, http://www.jgc301.com; jgc@mail.sciencep.com | Journal of Geriatric Cardiology though remains unproven, that efficacy of fibrosis reducing drugs for AF prevention may depend on the degree of structural remodelling and irreversibility of fibrotic transformation of atrial myocardium achieved by the time when drug therapy is initiated so that early administration of the drug would affect the course of the disease, while initiation of therapy late in the course of the disease would not affect the outcome.
Conclusions
Long-term observational studies would be able to resolve this controversy if show that successful rhythm-control intervention or upstream fibrosis-reducing therapies may slow down or abolish progression of the atrial structural changes, however direct histological evidence of this cause-effect relationship is lacking at this point. On the opposite, evidence of progressive cardiac remodelling that continues after a successful catheter ablation [42] or not reversed by the achieved freedom from arrhythmia [29] is emerging thus highlighting remaining knowledge gaps in our understanding of mechanisms of this common rhythm disorder.
